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1  | INTRODUC TION

The ecological roles of mesophotic coral ecosystems have been an 
area of increasing interest in the last decade (MCEs, ~30–150 m; 

Bongaerts & Smith,  2019; Lesser, Slattery, & Leichter,  2009), 
specifically the interactions of depth-generalist coral species 
found in both mesophotic and shallower habitats (Bongaerts & 
Smith,  2019; Kahng, Copus, & Wagner,  2014; Semmler, Hoot, & 
Reaka, 2016). In particular, the mechanisms that contribute to coral 
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Abstract
While physiological responses to low-light environments have been studied among 
corals on mesophotic coral ecosystems worldwide (MCEs; 30–150 m), the mecha-
nisms behind acclimatization and adaptation to depth are not well understood for 
most coral species. Transcriptomic approaches based on RNA sequencing are use-
ful tools for quantifying gene expression plasticity, particularly in slow-growing spe-
cies such as scleractinian corals, and for identifying potential functional differences 
among conspecifics. A tag-based RNA-Seq (Tag-Seq) pipeline was applied to quantify 
transcriptional variation in natural populations of the scleractinian coral Montastraea 
cavernosa from mesophotic and shallower environments across five sites in Belize 
and the Gulf of Mexico: Carrie Bow Cay, West and East Flower Garden Banks, Pulley 
Ridge, and Dry Tortugas. Regional site location was a stronger driver of gene expres-
sion patterns than depth. However, mesophotic corals among all sites shared similar 
regulation of metabolic and cell growth functional pathways that may represent com-
mon physiological responses to environmental conditions at depth. Additionally, in a 
transplant experiment at West and East Flower Garden Banks, colonies transplanted 
from mesophotic to shallower habitats diverged from the control mesophotic group 
over time, indicating depth-regulated plasticity of gene expression. When the shal-
lower depth zone experienced a bleaching event, bleaching severity did not differ 
significantly between transplants and shallow controls, but gene expression patterns 
indicated variable regulation of stress responses among depth treatments. Coupled 
observational and experimental studies of gene expression among mesophotic and 
shallower M. cavernosa provide insights into the ability of this depth-generalist coral 
species to persist under varying environmental conditions.
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species’ success across broad depth ranges and, conversely, what 
limits depth-specialist species to certain depth zones are poorly 
understood. Knowledge of how these mechanisms may influence 
the connectivity of populations among depth zones is also lack-
ing. The limits for depth-generalist coral species are often linked 
with the photosynthetic compensation point, where approxi-
mately 1% of surface light irradiance is available to maintain net 
photosynthetic output and metabolic needs (Lesser et al., 2009). 
Temperature variation across mesophotic and shallower habitats 
have been shown to influence coral depth distributions as well, es-
pecially in regions where cold water upwelling is known to occur at 
depth (Bongaerts et al., 2015; Leichter & Genovese, 2006; Lesser 
et  al.,  2010). Previous studies have quantified phenotypic and 
physiological changes that allow certain coral species to be suc-
cessful across multiple habitats including mesophotic reefs, such 
as modification of photosynthetic physiology (Lesser, 2000; Lesser 
et al., 2010; Polinski & Voss, 2018), skeletal morphology (Graus & 
Macintyre,  1982; Studivan, Milstein, & Voss,  2019), and hetero-
trophic feeding (reviewed in Slattery, Lesser, Brazeau, Stokes, & 
Leichter, 2011), but there is a general lack of knowledge regard-
ing the molecular mechanisms that allow such phenotypic vari-
ability for most taxa (Akman, Carlson, Holsinger, & Latimer, 2016; 
Alvarez, Schrey, & Richards, 2015; Evans, 2015). A notable study 
with the coral species Porites astreoides addressed such questions, 
where Kenkel and Matz (2017) identified that corals transplanted 
from reefs with naturally-variable environmental conditions were 
better adapted to surviving across multiple habitats, even follow-
ing a thermal stress event leading to a breakdown of the coral-algal 
symbiosis (i.e., coral bleaching). Research is specifically needed to 
address the molecular contributions to acclimatization and adap-
tation (Matz,  2018; Voolstra et  al.,  2011) and to determine how 
corals can modify their existing structure and function to thrive in 
multiple environments such as those at mesophotic depths.

With decreasing costs of library preparation and sequencing, 
the number of genomic and transcriptomic reference libraries being 
generated and annotated for diverse taxa are increasing rapidly. As 
a result, using transcriptomic approaches to examine biological pro-
cesses at the molecular level in non-model organisms is more feasi-
ble now than ever before (Matz, 2018; Oomen & Hutchings, 2017; 
Todd, Black, & Gemmell, 2016). One example of these cost-effective 
and practical transcriptomic tools is Tag-Seq, a variation of RNA-
Seq that selectively amplifies sequences adjacent to the 3’ poly-A 
tail, instead of amplifying multiple fragments along the length of 
each gene (Meyer, Aglyamova, & Matz,  2011). With RNA-Seq ap-
proaches including Tag-Seq, quantifying global gene expression al-
lows the construction of related multi-gene pathways responding 
to a common stimulus based on functional annotation databases 
(Dixon et al., 2015; Strader, Aglyamova, & Matz, 2016). Of particular 
interest with relatively slow-growing coral species is the potential 
for gene expression profiling to identify differential regulation of 
functional pathways linked to phenotypic change, such as skeletal 
morphology (Gutner-Hoch, Waldman Ben-Asher, Yam, Shemesh, & 
Levy,  2017) or stress responses (Kenkel et  al.,  2011, 2014; Louis, 

Bhagooli, Kenkel, Baker, & Dyall, 2016; Meron et al., 2019; Wright 
et al., 2019), perhaps before any visible phenotypic change.

Most previous coral studies incorporating RNA-Seq approaches 
have quantified coral responses to a specific stimulus, most nota-
bly thermal stress (Anderson, Walz, Weil, Tonellato, & Smith, 2016; 
Davies, Marchetti, Ries, & Castillo,  2016; Kenkel, Meyer, & 
Matz, 2013; Kenkel et al., 2014; Meyer et al., 2011). However, it is 
perhaps equally important to understand genetic variation found 
among natural populations. Complementary analyses including ob-
servational and experimental designs allow for more comprehensive 
evaluations of plasticity, acclimatization, and adaptation (Alvarez 
et al., 2015; Kenkel & Matz, 2017). This study aims to increase un-
derstanding of the mechanisms behind coral functional modifica-
tions at depth through two approaches using Montastraea cavernosa, 
a ubiquitous coral species in the Tropical Western Atlantic and an ex-
treme depth-generalist found between 3–113 m (Lesser et al., 2009; 
Nunes, Norris, & Knowlton,  2009; Reed,  1985). First, whole-tran-
scriptome gene expression profiles were compared among M. cav-
ernosa across mesophotic and shallower sites in Belize and the Gulf 
of Mexico (GOM) to quantify transcriptomic responses to sites and 
depth zones. Additionally, differentially-expressed genes within sites 
were examined to determine if a common transcriptional response 
to mesophotic conditions occurs in this species. Second, a one-year 
transplant experiment at West and East Flower Garden Banks in the 
northwest GOM was conducted to examine gene expression plas-
ticity in M. cavernosa. Individual colonies were tracked to quantify: 
(a) global gene expression patterns within depth treatments over 
time; (b) overall transcriptional variation between depth treatments; 
and (c) potential gene expression plasticity in transplanted corals. 
The objectives of both complementary studies were to determine 
whether mesophotic and shallower conspecifics exhibit distinct 
gene expression patterns and if common functional pathways exist 
to facilitate plasticity in both depth zones.

2  | MATERIAL S AND METHODS

2.1 | Study species and sample collection

To assess gene expression patterns in Montastraea cavernosa and 
their algal symbionts across mesophotic and shallower depth 
zones, coral samples were collected at five sites across the GOM 
and Belize: Belize (BLZ) near Carrie Bow Cay, West and East Flower 
Garden Banks (WFGB and EFGB, respectively), Pulley Ridge (PRG), 
and Dry Tortugas (DRT; Table 1; Figure 1). Depth zones sampled at 
each site were determined by the availability of reef habitats across 
depths and the relative abundance of the target coral species, where 
mesophotic corals were collected from upper mesophotic zones 
(35–65 m), while shallower coral samples were collected from mid-
depth zones (15–30 m). Samples and transplant experiment groups 
from upper mesophotic and mid-depth zones are hereafter referred 
to as mesophotic and shallow, respectively. Despite lacking con-
tiguous reef habitat, comparisons between Pulley Ridge and Dry 
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Tortugas as mesophotic and shallower sites have been identified as 
a research priority to assess ecological relationships between Pulley 
Ridge and the Florida Reef Tract (Reed et al., 2019). This combination 

introduces confounding effects of site into the comparison between 
depth zones, but allows inferences to be made regarding coral popu-
lations in the southeast GOM. Small tissue fragments (10–15 cm2) 

Site Latitude Longitude Depth zone
Depth 
(m) ncollected nnatural

Carrie Bow 
Cay, Belize

16.77607 −88.07465 Mesophotic 35 45 24

16.77607 −88.07465 Shallow 15 45 38

West Flower 
Garden Bank

27.87510 −93.82035 Mesophotic 45 42 33

27.87495 −93.81637 Shallow 20 36 36

East Flower 
Garden Bank

27.91102 −93.59668 Mesophotic 45 35 21

27.90987 −93.60021 Shallow 20 42 41

Pulley Ridge 24.79382 −83.67401 Mesophotic 65 54 41

Dry Tortugas 24.47279 −82.96807 Shallow 30 45 31

Total 344 265

The number of samples collected shown as ncollected, and the number of samples that were 
successfully prepared and analysed with the Tag-Seq pipeline are nnatural. Geographic coordinates 
given as decimal degrees (WGS84)

TA B L E  1   Site and sample metadata 
for M. cavernosa natural gene expression 
analyses among mesophotic and shallower 
depth zones in the Gulf of Mexico and 
Belize

F I G U R E  1   Map of the Gulf of Mexico, with inset boxes of the five sampling sites including available bathymetry data of sites, and 
locations of specimen collection colour-coded by depth zone (mesophotic 35–70 m, shallow 15–30 m, transplant 45 > 20 m). Geographic 
coordinates as in Tables 1 and 2
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were chiseled from the perimeter of visually healthy M.  cavernosa 
colonies and preserved in TRIzol reagent within 30 min of collection. 
Coral samples for this study were collected across multiple expedi-
tions from 2014 to 2016, including multiple expeditions within sites.

2.2 | Transplant experiment

Gene expression plasticity across mesophotic and shallower envi-
ronmental gradients was assessed using a transplant experiment at 
WFGB and EFGB (Figure 1). A full reciprocal design with remove-
and-replace controls was not logistically possible due to high skel-
etal density of shallower colonies, resulting in a single transplant 
treatment involving unidirectional relocation from mesophotic to 
shallower depths. At each bank, five apparently healthy M.  caver-
nosa colonies approximately 15–50  cm in diameter were selected 
and tagged at both mesophotic and shallower depths. An additional 
seven mesophotic colonies (five at WFGB, two at EFGB) were re-
moved from the reef at 45  m and transplanted near the shallow 
controls at 20 m. Colonies were sampled prior to any experimental 
manipulation in October 2015 and again at six and twelve month in-
tervals in May and September 2016, respectively (Table 2).

Duplicate light and temperature loggers (Onset HOBO) sampling 
at 15 min intervals were deployed near the experimental corals at 
each site and depth zone for continuous monitoring of environmental 
data over the course of the study. Deployed loggers were replaced 
with fresh units at each of the sampling timepoints. Light intensity 
(lux) values were converted to PAR (μmol m−2 s−1) according to the 
equation in Valiela (1995). Minimum, maximum, and mean daily tem-
perature, as well as maximum and mean daily PAR (daily minimum 
PAR was always zero) were calculated for statistical analyses. The 
PAR data set was truncated to one month after each sampling event 
to minimize potential impacts of biofouling on accuracy of readings. 
Normality assumptions of daily temperature and PAR data sets could 
not be satisfied with transformation, therefore statistical analyses 
were conducted using separate single-factor Kruskal-Wallis tests 
across site and depth. Pairwise comparisons were made with Dunn's 
tests using the r package fsa across a single-factor combination of 
site and depth (Ogle, 2017; R Core Team, 2019).

Algal symbiont density (family Symbiodiniaceae; cells/cm2), areal 
chlorophylls a and c2 (chl/cm2), cellular chlorophylls a and c2 (chl/cell), 
and chlorophyll a:c2 ratio data were quantified in response to an un-
expected bleaching event that occurred during the 12 month time-
point. Available data for transplant experiment colonies (mesophotic: 
n = 9; shallow: n = 10; transplant: n = 7) were quantified as described 
in Polinski and Voss (2018). As the data could not be normalized with 
transformation, univariate repeated measures PERMANOVAs with 
pairwise tests were used to identify significant differences in symbi-
ont and chlorophyll metrics among timepoints and depth treatments 
in the packages manova.rm and nparcomp, respectively (Friedrich, 
Konietschke, & Pauly, 2019; Konietschke, Placzek, Schaarschmidt, 
& Hothorn,  2015). Multivariate differences were assessed with a 
three-factor PERMANOVA and pairwise comparisons in manova.rm TA
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and rvaidememoire, respectively (Hervé, 2019). Bleaching severity for 
each of the colonies was calculated as the percent change of sym-
biont density between May and September timepoints. Bleaching 
data were log transformed to meet normality assumptions and an-
alysed for significant differences among depth treatments using a 
single-factor ANOVA with Tukey's pairwise comparisons.

2.3 | Library preparation and sequencing

For both experiments, total mRNA was extracted from preserved 
coral samples using a modified phenol chloroform extraction 
(Chomczynski & Sacchi, 1987, 2006), treated with DNase I (Ambion) 
to remove DNA contamination, and purified and concentrated using 
a 13.3 M LiCl precipitation. Samples that did not meet a total mRNA 
yield of 1 µg following purification were removed from the respective 
experiments (Tables 1 and 2). RNA libraries were prepared accord-
ing to a Tag-Seq protocol originally designed by Meyer et al. (2011); 
modifications to the protocol used in this study are detailed in a 
GitHub repository (Studivan,  2020b). Due to variable initial RNA 
quality, cDNA amplification reactions were increased to 22 cycles 
to ensure consistent amplification across samples. Library preps that 
did not achieve sufficient cDNA amplification or final library concen-
tration relative to other libraries were removed prior to final pooling. 
The number of samples in each pool was determined by a target raw 
read count of ~5.4–7.2 million reads per sample. Nine pooled sets en-
compassing libraries from both experiments were generated and se-
quenced by the University of Wisconsin Biotechnology Center using 
an Illumina HiSeq 2500 with V4 chemistry generating 1  ×  50  bp 
single-end reads and 15% PhiX spike-in. For all samples across both 
studies, a total of 1.66 billion raw reads were produced, with a mean 
read count per sample of 5.32 ± 0.15 (mean ± SE) million. Following 
trimming and quality filtering, 514 million reads remained, with a 
mean of 1.65 ± 0.06 million trimmed reads per sample.

2.4 | Differential expression and gene 
enrichment analyses

Raw sequence data was processed according to a modified version of 
the Tag-Seq pipeline available on GitHub (https://github.com/z0on/tag-
based_RNAseq; modifications described in Studivan,  2020b). Briefly, 
raw reads were combined across sequenced duplicates and filtered 
using a custom perl script to remove PCR duplicates and reads with 
missing base calls in the degenerate header. Following quality filtering 
using fastx_toolkit (http://hanno​nlab.cshl.edu/fastx_toolkit), cleaned 
reads were mapped to a reference transcriptome and counted using 
bowtie2 (Langmead & Salzberg,  2012). Algal symbionts have been 
identified to be primarily comprised of Cladocopium spp. (formerly 
Symbiodinium Clade C) for the majority of the samples used in this study 
(Eckert, Reaume, Sturm, Studivan, & Voss, 2020; Polinski & Voss, 2018), 
therefore an updated version of the M. cavernosa coral transcriptome 
(Kitchen, Crowder, Poole, Weis, & Meyer, 2015; https://matzl​ab.weebly.

com/data--code.html) was concatenated with the Cladocopium spp. 
algal transcriptome (Davies, Ries, Marchetti, & Castillo,  2018) using 
unique host/symbiont isogroup identifiers. The creation of a combined 
transcriptome for the two dominant eukaryotes in the holobiont has 
been used in previous studies to identify potential interactions between 
host and symbiont transcriptomic trends (Davies et al., 2016, 2018; Gust 
et al., 2014; Kenkel & Matz, 2017; Wright et al., 2019). Transcriptome 
concatenation and annotation was completed according to protocols 
detailed on GitHub (Studivan,  2020a). The mapping efficiency to the 
concatenated holobiont transcriptome was 14% of trimmed sequences. 
Mapping was then repeated using a concatenated version of the origi-
nal M.  cavernosa transcriptome (Kitchen et  al.,  2015) and the same 
Cladocopium spp. transcriptome as before to assess whether mapping 
efficiency was improved. While mapping efficiency using the original 
host transcriptome was improved at 65%, and differential expression 
analyses were similar as with the updated transcriptome, a substan-
tial number of both coral and symbiont functional pathways were not 
identified by the analyses. This may have been indicative of reduced 
gene annotation and/or symbiont transcript contamination in the origi-
nal host transcriptome. Therefore, we proceeded with analyses using 
the most recent coral transcriptome. Alignment of sequences to the 
updated holobiont transcriptome resulted in 31,276 isogroups (17,901 
host and 13,375 symbiont) mapped across all samples, compared to 
60,146 isogroups (47,236 host and 12,910 symbiont) using the original 
M. cavernosa transcriptome. Count data were then separated into host 
and symbiont data sets for subsequent analyses.

Before analyses of differential expression, low-count genes (genes 
with a cumulative count <10 across all samples) were removed and 
outliers were detected with the package arrayQualityMetrics ac-
cording to the distances between sample arrays (Sa) criterion, where 
an outlier threshold was automatically established for each data set 
(Kauffmann, Gentleman, & Huber, 2009). For the natural populations 
study, one M. cavernosa and 10 Cladocopium spp. arrays violated the 
outlier thresholds and were removed prior to differential expression 
analyses (Figure S1). No arrays were removed for the transplant ex-
periment from either host or symbiont data sets despite three minor 
violations in the symbiont data set, in order to maintain sample size 
(Figure S2). Differential expression analyses were conducted using the 
package deseq2, with contrasts using likelihood ratio tests (>2 factor 
groups) or Wald tests (2 factor groups) on deseq2 models (Love, Huber, 
& Anders,  2014). For assessment of gene expression across natural 
populations, a two-factor model tested for overall differences across 
site and depth. Pairwise comparisons between depth zones are pre-
sented as mesophotic expression over shallow, and pairwise site com-
parisons are presented in alphabetical order (e.g., EFGB over WFGB). 
Testing of differential gene expression for the transplant experiment 
was made using a two-factor model across time and depth, with con-
trast tests across depth treatments and timepoints. Initial comparisons 
between WFGB and EFGB assessed homogeneity of variance and ef-
fects of site on gene expression with a PERMANOVA using betadis-
per and adonis functions of the package vegan, respectively (Oksanen 
et al., 2015). Samples from both sites were then combined to preserve 
sufficient replication within timepoints for further analyses.

https://github.com/z0on/tag-based_RNAseq
https://github.com/z0on/tag-based_RNAseq
http://hannonlab.cshl.edu/fastx_toolkit
https://matzlab.weebly.com/data--code.html
https://matzlab.weebly.com/data--code.html
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Count data were normalized using the variance stabilized transfor-
mation for data visualization and downstream analyses. PERMANOVAs 
identified significant effects of factors on global gene expression, and 
differences in normalized expression among factors were visualized 
with PCoAs using Manhattan distance to examine multivariate dif-
ferences among samples. To determine whether individual gene ex-
pression patterns could be used to predict experimental factors in 
both data sets, discriminant analyses of principal components (DAPC) 
were conducted with the adegenet package (Jombart, 2008; Jombart, 
Devillard, & Balloux, 2010). For the natural populations data set, a dis-
criminant function was created using the shallow samples across all 
sites, then the probability of site membership was estimated for each 
of the mesophotic samples. For the transplant experiment, a discrimi-
nant function was created from the mesophotic and shallow controls, 
where membership probabilities to depth treatments and timepoints 
were then estimated for the transplants (as in Kenkel & Matz, 2017). 
DAPC scores were modelled to generate MCMC-based p-values com-
paring the differences between transplants and both control groups 
using the package mcmcglmm (Hadfield, 2010).

Differentially-expressed genes were compared to functional 
pathways with enrichment analyses using gene ontology (GO) 
and eukaryotic orthologous group (KOG) databases in the gomwu 
(Voolstra et al., 2011; https://github.com/z0on/GO_MWU) and kog-
mwu packages (Dixon et al., 2015; Matz, 2016; Strader et al., 2016).

3  | RESULTS

3.1 | Gene expression among natural populations

3.1.1 | Differential expression

Prefiltering resulted in 12,929 host and 5,014 symbiont genes across 
264 and 255 samples, respectively. Analyses of mesophotic and 
shallow M.  cavernosa transcriptomes in the GOM and Belize indi-
cated that gene expression differed significantly for both host and 

symbionts over site and depth, with a significant interaction between 
the two factors (Table 3). Site was the strongest driver of differential 
expression with 3,530 host and 425 symbiont DEGs, while depth 
was an order of magnitude less influential with 162 host and 18 sym-
biont DEGs, and the site:depth interaction contributed to 999 host 
and 56 symbiont DEGs (Table  S1). PCoAs also demonstrated that 
variation was higher among sites and that most of the differentiation 
between mesophotic and shallow corals was driven by interactive 
differences between depths across sites (Figure  2). Quantification 
of DEGs between mesophotic and shallower depth zones within 
sites indicated that some sites were more vertically differentiated 
(Table S1). For example, mesophotic and shallower depths at EFGB 
were most differentiated by 1,264 host and 141 symbiont DEGs, 
while WFGB was least differentiated across depth by 743 host and 
32 symbiont DEGs. A total of 466 host and 27 symbiont genes were 
differentially expressed between mesophotic and shallow samples 
at all five sites (Figure 3). The number of DEGs unique to each site 
were also in proportion to the overall number of DEGs identified be-
tween depths within the sites. For example, 400 host and 39 symbi-
ont DEGs were unique to EFGB, while 8 host and 0 symbiont unique 
DEGs were found at WFGB. DAPC site assignments were correct 
for the majority of mesophotic samples in both host and symbiont 
data sets at BLZ and PRG-DRT (host: 79% and 63%; symbiont: 70% 
and 85%, respectively); however, site assignments were often mixed 
between WFGB and EFGB samples (host: 27% and 43%; symbiont: 
29% and 24%; Table S2, Figure S3).

3.1.2 | Gene enrichment analyses

Eukaryotic orthologous group enrichment patterns identified sev-
eral differences between mesophotic and shallow corals within 
sites. Metabolic gene classes were generally underrepresented 
in mesophotic compared to shallow corals across all sites, with 
similar, but stronger, patterns in mesophotic compared to shallow 
symbionts (Figure 3). KOGs related to cell membrane components, 

Experiment Transcriptome Factor df F p

Natural M. cavernosa Site 3 13.9127 0.001

Depth 1 3.2819 0.007

Interaction 3 2.8148 0.002

Cladocopium spp. Site 3 7.6313 0.001

Depth 1 2.9114 0.001

Interaction 3 1.8497 0.006

Transplant M. cavernosa Time 2 2.2172 0.012

Depth 2 0.90866 ns

Interaction 4 1.40767 ns

Cladocopium spp. Time 2 1.7563 ns

Depth 2 0.9861 ns

Interaction 4 1.5551 0.045

Insignificant p-values are shown as ns.

TA B L E  3   PERMANOVA model results 
for tested factors in natural (site + depth) 
and transplant (time + depth treatment) 
experiments, split into host (M. cavernosa) 
and symbiont (Cladocopium spp.) analyses

https://github.com/z0on/GO_MWU
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extracellular structures, and cell division were enriched with genes 
more highly expressed in mesophotic corals and their symbionts. 
Pairwise comparisons of KOG expression revealed significant cor-
relations between sites for both host and symbiont data sets, while 
the mean correlation strength between pairwise site comparisons 
was higher for symbionts (r = 0.85) compared to the host (r = 0.82; 
Figure  3). KOG enrichment within the set of common DEGs (466 
host, 27 symbiont) allowed the comparison of depth-specific path-
ways across sites (Figure S4). Metabolic KOGs in the common DEGs 
were once again less-expressed in mesophotic compared to shal-
low coral hosts and symbionts, and cell division and related path-
ways were similarly enriched as in the full set of genes. Correlation 

coefficients between pairwise sites were noticeably higher than in 
the analyses across all genes (Figure S4), suggesting similar expres-
sion of the common DEGs in mesophotic corals and their symbionts 
regardless of site.

Analyses of DEG pathways with GO annotations between depth 
zones identified significantly enriched GO categories in the host 
corals, and to a lesser extent, the symbiont data set (Figure  S5). 
Translation-related GO categories were less-expressed in meso-
photic compared to shallow corals for most sites. Metabolic GOs 
were weakly enriched for sites BLZ and EFGB. In the symbiont data 
set, carbohydrate catabolic process and nucleotide phosphorylation 
were the only significantly enriched GO terms identified.

F I G U R E  2   PCoAs showing variation in gene expression among five sites (BLZ, WFGB, EFGB, and PRG-DRT) and two depth zones 
(mesophotic, shallow), split into host (M. cavernosa) and symbiont (Cladocopium spp.) analyses. Raw count data were first normalized using 
a variance stabilized transformation in deseq2, then eigenvectors for each sample were calculated based on similarity to all other samples. 
Each coloured ellipse corresponds to a factor level, the boundaries of which are created by the dispersal of samples within the group. Test 
statistics and p-values generated from PERMANOVAs in vegan [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  3   (a, d) Heatmaps of eukaryotic orthologous groups (KOGs) enriched with DEGs between mesophotic and shallow corals at 
five sites, split into host (M. cavernosa) and symbiont (Cladocopium spp.) analyses. Increasing intensities of red indicate enrichment of genes 
more-expressed in mesophotic versus shallow corals, while increasing intensities of blue indicate enrichment of genes less-expressed in 
mesophotic versus shallow corals. Color values represent ranks generated from Mann-Whitney U tests. Hierarchical networks on both axes 
display the similarities among sites (x-axis) and KOG classes (y-axis). (b, e) Panels of correlation analyses between pairwise site combinations. 
(c, f) Venn diagram displaying the number of DEGs across mesophotic and shallower depths zones within each of the five sites. Colour-coded 
numbers in each section correspond to genes unique to the sites, while overlapping numbers in white represent genes shared among factors. 
The DEGs in black indicate the number of genes conserved across all five sites [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c)

(e)(d)

(f)

www.wileyonlinelibrary.com
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3.2 | Transplant experiment

3.2.1 | Environmental conditions and 
symbiont metrics

Mean daily temperature at WFGB and EFGB was significantly lower 
at 45 m compared to 20 m (1.58°C and 2.10°C lower, respectively). 
Daily minimum and maximum temperatures followed a similar pat-
tern between depths (Figure S6). Mean daily PAR was significantly 
reduced at mesophotic compared to shallower depths (WFGB: 
76.71%; EFGB: 79.72% reduction), with maximum daily PAR declin-
ing in a similar fashion. Mesophotic depth zones experienced lower 
daily and seasonal variance in both temperature and light compared 
to shallower depth zones (Figure S7). Depth was a significant fac-
tor for all environmental metrics, but site was only a significant fac-
tor affecting PAR metrics (Kruskal-Wallis: all significant p < 0.002; 
Table  S3). During September 2016 (just prior to and during the 
12  month timepoint), sea surface temperatures were >30°C, cor-
responding to a coral bleaching event observed at WFGB and EFGB 
(Johnston et al., 2019). All of the shallow controls and transplants at 
both sites exhibited some level of visible bleaching. All transplanted 
colonies were fully bleached and one colony appeared partially 
dead; in contrast, the shallow controls were typically only partially 
bleached (Figure 4). Follow-up observation at 36 months indicated 
apparent recovery of all shallow controls and transplants, with the 
exception of one transplant colony which exhibited partial mortality 
due to toppling unrelated to the bleaching event.

Areal symbiont and chlorophyll metrics showed significant 
variation across time but not depth treatment, while cellular chlo-
rophyll metrics differed across depth treatment but not time 
(PERMANOVA: all significant p  < 0.047; Table  S4). These differ-
ences were attributable to the 12 month samples collected during 
the bleaching event which exhibited reduced symbiont density and 

reduced areal chlorophyll concentration for all depth treatments, 
including mesophotic controls (Figure S8). Pairwise comparisons of 
symbiont and chlorophyll metrics showed no significant differences 
between transplants and shallow controls. Multivariate analyses in-
dicated that symbiont and chlorophyll metrics differed across depth 
and time, with a significant interaction (PERMANOVA: all p < 0.001; 
Table S4). Pairwise differences between transplants and mesophotic 
controls, and among all timepoints, were significant and contributed 
to overall differences between factors (pairwise PERMANOVA: all 
p < 0.008). Bleaching responses, as reflected in the percent change 
of symbiont density from 6 to 12 months, were significantly differ-
ent across depth treatments but not between shallow controls and 
transplants, indicating a similar bleaching stress response (ANOVA: 
F2,24 = 13.15, p < 0.0001; Table S5; Figure S9).

3.2.2 | Differential expression

Initial comparisons between WFGB and EFGB identified heteroge-
neous variance between sites (betadisper; host: F1,67 = 11.021, p = 
0.002; symbiont: F1,67 = 13.724, p = 0.0004) due to unequal sample 
sizes (Table 2), thus likely influencing observed differences in tran-
scription between WFGB and EFGB samples (PERMANOVA; host: 
F1,67  =  3.1242, p  = 0.005; symbiont: F1,67  =  4.4081, p  = 0.001). 
Subsequent analyses are presented with samples combined across 
sites. Prefiltering resulted in 9,318 host and 1,628 symbiont genes 
across 68 samples. Two-way PERMANOVAs identified that time 
had a significant impact on gene expression patterns for the host 
only, while all other model factors were not significant, except 
for the time:depth interaction in the symbiont data set (Table 3). 
Time was the strongest driver of gene expression for both data 
sets with 118 coral host and 44 algal symbiont DEGs, while depth 
treatment had 0 host and 21 symbiont DEGs, and the interaction 

F I G U R E  4   Panel showing variable 
bleaching of tracked colonies from the 
transplant experiment. The first two 
columns are shallow controls and the 
last two are transplanted colonies. The 
first row photos were taken at 6 months, 
the middle row photos were taken at 
12 months during the bleaching event, 
and the bottom row after 36 months 
(panels a, e, i: shallow 118; panels b, f, j: 
shallow 120; panels c, g, k: transplant 68; 
panels d, h, l: transplant 193). Bleaching 
in panel k was the result of the transplant 
colony toppling in between 12 and 
36 months [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)
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had 16 and 1 DEGs, respectively (Table  S1). Pairwise compari-
sons of depth treatments within each timepoint revealed a pat-
tern in shifting expression through time (Figure S10). Differences 
between transplants and mesophotic controls increased over the 
three timepoints for the host only (84 to 107 to 317 DEGs), indi-
cating initial variability among mesophotic corals and further dif-
ferentiation following transplantation. Host differences between 
mesophotic and shallow controls varied over the three timepoints 
(50 to 73 to 57 DEGs), while transplants and shallow controls re-
mained similar until 12 months (51 to 50 to 62 DEGs). The num-
ber of symbiont DEGs decreased slightly for mesophotic versus 
shallow controls (17 to 12 to 7 DEGs) and for transplants versus 
mesophotic controls (19 to 5 to 6 DEGs), while transplants versus 

shallow controls remained similarly low over the course of the ex-
periment (1 to 2 to 1 DEGs).

PCoAs of timepoints indicated similar expression trends across 
depth treatments through time (Figure 5). Cluster overlap between 
0 and 12  month samples suggests a seasonal component to gene 
expression patterns among the coral host, but this trend was less 
apparent for the algal symbionts. Assessment of the discriminant 
groups among depth treatments identified that transplants formed 
an intermediate group that was equally similar to mesophotic and 
shallow controls (MCMC: host p  = .11; symbiont p  = .13). DAPC 
depth treatment assignments for transplanted coral hosts identified 
3 of the 7 host transplants to be initially assigned to the mesophotic 
group at 0 months, then to the shallow group for 6 and 12 months 

F I G U R E  5   PCoAs showing variation in gene expression among timepoints (0, 6, and 12 months), split into host (M. cavernosa) and 
symbiont (Cladocopium spp.) analyses. Discriminant analyses of principal components (DAPC) assignments for the transplant experiment, for 
mesophotic and shallow controls (solid distributions) and mesophotic-to-shallow transplants (transparent distribution). Test statistics and 
p-values generated from PERMANOVAs in vegan for PCoAs, and from MCMC models in mCMCglmm for DAPCs [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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(Table S6). For timepoints, most of the 6 and 12 month samples were 
assigned incorrectly to 0 months.

3.2.3 | Gene enrichment analyses

gomwu analyses for pairwise combinations of depth treatments 
identified significant shifts in enriched GO categories between 0 
and 12 months in the host data set only (Figure 6). At 12 months, 
mesophotic controls exhibited higher enrichment of genes related 
to catabolism and protein localization compared to shallow controls. 
Transplants also showed enrichment of catabolic, protein localiza-
tion, and translational categories in relation to mesophotic controls. 
Compared to shallow controls, transplants demonstrated relatively 
less expression of genes associated with protein localization and 
translational GO categories. When examining additional GO divi-
sions beyond biological process (BP), molecular function (MF) cat-
egories for ion transport were less-expressed in transplants versus 
mesophotic controls, while the GO category “structural constituent 
of ribosome” was enriched in transplants versus mesophotic con-
trols, and in mesophotic versus shallow controls (Figure S11). Under 
the cellular component (CC) division, ribosomal and mitochondrial 
GO categories were enriched in transplants versus mesophotic 
controls, and in mesophotic versus shallow controls. The only GO 
categories that were significantly enriched in the symbiont data set 
for any timepoint or pairwise comparison of depth treatments were 
hexose catabolic process (6 months m.s; BP) and plastid stroma (6 
months t.s; CC).

4  | DISCUSSION

4.1 | Gene expression among natural populations

The results of this study indicated that while site was an order of 
magnitude more influential on transcriptomic patterns among natu-
ral populations of M. cavernosa and their algal symbionts in the genus 
Cladocopium, conserved differences between mesophotic and shal-
lower depth zones, in contrast, were remarkably consistent among 
sites. A subset of 466 host and 27 symbiont differentially expressed 
genes were commonly found across all sites and may represent 
a core group of genes related to M. cavernosa, and to a lesser ex-
tent, Cladocopium spp., physiology at mesophotic depths (Figure 3). 
Similar patterns have been observed across different environments 
with another coral species, Orbicella faveolata (Polato et al., 2010), 
and a marine fish species (Whitehead & Crawford,  2006a). 
Mesophotic corals and their symbionts demonstrated lower expres-
sion of genes associated with numerous metabolic, translational, and 
protein localization pathways (Figure 2 and Figure S5), which may 
be a response to low-light conditions (Bay, Guérécheau, Andreakis, 
Ulstrup, & Matz, 2013; Bay et al., 2009). It is also important to note 
that comparisons between mesophotic and shallow symbionts dem-
onstrated significantly lower expression of metabolic KOG pathways 
than depth comparisons in the coral host (Figure 3), but this pattern 
was not well-represented with GO pathways, possibly due to poor 
representation of symbiont genes in GO annotations (Figure S5).

Previous studies quantifying photosynthetic and respiration 
responses at depth have observed that mesophotic corals have 

F I G U R E  6   Hierarchical trees showing significantly enriched gene ontology (GO) categories across pairwise comparisons of depth 
treatments (m.s, mesophotic versus shallow; t.m, transplant versus mesophotic; t.s, transplant versus shallow) at 0 and 12 months following 
transplantation. Genes that passed an FDR-corrected p-value cutoff of .1 were clustered into GO terms based on functional annotations. 
Terms in red indicate enrichment of genes more-expressed in the first factor group versus the second, while terms in blue indicate less-
expressed genes. The size of the font corresponds to the p-value threshold, where larger GO terms are more significantly enriched. 
Annotations presented for the host M. cavernosa transcriptome and the biological process (BP) GO division [Colour figure can be viewed at 
wileyonlinelibrary.com]

M. cavernosa
Biological Process (BP)

m.s

t.m

t.s

p < .01
p < .05
p < .1

0 mo

*No significantly enriched GOs

279/418 peptide transport
56/111 establishment of protein localization to membrane
132/227 protein targeting
146/248 protein localization to organelle
36/80 protein localization to endoplasmic reticulum
216/344 cytosolic transport
84/150 protein localization to membrane
9/21 ribosomal small subunit biogenesis
48/93 translational elongation
152/237 interspecies interaction between organisms
42/87 protein-containing complex disassembly
79/141 cellular component disassembly
66/124 RNA catabolic process
36/79 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay
234/358 mRNA metabolic process
44/95 translational initiation
163/261 peptide metabolic process
201/320 RNA biosynthetic process
63/95 endosomal transport
10/14 oocyte microtubule cytoskeleton organization
54/63 calcium ion transmembrane transport

158/261 membrane organization
8/19 Rho protein signal transduction
52/124 RNA catabolic process
24/79 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay
33/95 translational initiation
36/93 translational elongation
127/248 protein localization to organelle
24/80 protein localization to endoplasmic reticulum
113/227 protein targeting
185/344 cytosolic transport
70/150 protein localization to membrane
43/111 establishment of protein localization to membrane

58/87 protein-containing complex disassembly
61/93 translational elongation
81/124 RNA catabolic process
49/79 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay
63/95 translational initiation
187/248 protein localization to organelle
49/80 protein localization to endoplasmic reticulum
174/227 protein targeting
266/344 cytosolic transport
108/150 protein localization to membrane
76/111 establishment of protein localization to membrane
19/19 cellular aldehyde metabolic process

56/63 calcium ion transmembrane transport
78/91 divalent metal ion transport
155/191 regulation of body fluid levels
14/15 regulation of hormone metabolic process
63/93 translational elongation
167/237 interspecies interaction between organisms
58/87 protein-containing complex disassembly
100/141 cellular component disassembly
63/95 translational initiation
179/261 peptide metabolic process
214/313 cellular amide metabolic process
38/57 mitotic spindle elongation
85/124 RNA catabolic process
51/79 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay
314/418 peptide transport
74/111 establishment of protein localization to membrane
164/227 protein targeting
178/248 protein localization to organelle
51/80 protein localization to endoplasmic reticulum
263/344 cytosolic transport
104/150 protein localization to membrane
14/21 ribosomal small subunit biogenesis
46/78 ribosome biogenesis
11/11 compound eye cone cell differentiation

55/80 protein localization to endoplasmic reticulum
79/111 establishment of protein localization to membrane
60/93 translational elongation
11/11 compound eye cone cell differentiation

12 mo(a) (b)

(c) (d)

(e) (f)
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depressed metabolic rates compared to shallower conspecifics 
(Cooper et  al.,  2011; Lesser et  al.,  2010), which may correspond 
to reduced calcification and growth rates in some scleractinian 
species (Groves et  al.,  2018; Leichter & Genovese,  2006; Mass 
et  al.,  2007). Assessments of morphological variation over depth 
have suggested a similar trend, whereas flattened mesophotic col-
onies generally have lower tissue area (Klaus, Budd, Heikoop, & 
Fouke,  2007), which could contribute to the observed decline in 
metabolic activity (Cooper et al., 2011; Lesser et al., 2010). In this 
study, the few pathways highly expressed in mesophotic corals 
and symbionts were attributed to cell growth, including cell divi-
sion, cytoskeleton, and extracellular structures (Figure 3). One hy-
pothesis is that increased expression of genes associated with cell 
growth pathways in mesophotic corals and symbionts is reflective of 
host regulation of Symbiodiniaceae (Kuo, Chen, Lin, & Fang, 2004; 
Mayfield, Hsiao, Fan, Chen, & Gates,  2010; Toulza et  al.,  2010). 
Mesophotic M. cavernosa colonies in this region were observed to 
have increased symbiont densities compared to shallower conspe-
cifics (Polinski & Voss, 2018), which may be a photoadaptive strat-
egy in lower light environments (Lesser et al., 2010; Ziegler, Roder, 
Büchel, & Voolstra,  2015). Nutrient availability, which is hypothe-
sized to be higher on MCEs compared to shallower reefs (Leichter 
& Genovese, 2006; Lesser et al., 2009), may also contribute to in-
creased symbiont growth rates in mesophotic corals (Muller-Parker, 
D’Elia, & Cook, 2015; Wilkerson, Muller-Parker, & Muscatine, 1983). 
Taken together, reduction of coral metabolic pathways with simulta-
neous increases of symbiont-related growth pathways corroborate 
previously-described physiological trends for this species and may 
indicate a multifactor transcriptomic approach facilitating survival in 
low-light mesophotic environments.

The gene expression profiles presented here suggest that me-
sophotic and shallow M. cavernosa also demonstrated site-specific 
variation irrespective of genetic structure. Highly-connected M. 
cavernosa populations in the FGB (Studivan & Voss,  2018) exhib-
ited distinct gene expression profiles between sites (Table S1; Site 
comparisons: 3,530 host and 425 symbiont DEGs), despite a similar 
response to depth between sites (Across site depth comparisons: 72 
host and 24 symbiont DEGs). In this case, related genotypes may have 
been responding differently to microscale environmental variation at 
WFGB and EFGB, but the core set of “mesophotic genes” appeared to 
be responding similarly between sites. Additionally, genetically iso-
lated populations such as those at mesophotic and shallower depths 
in BLZ and those at PRG and DRT (Studivan & Voss, 2018) responded 
to mesophotic conditions consistently between depth zones. Subtle 
differences in functional pathways of depth-generalist conspecifics 
may reflect tradeoffs in metabolic strategies to increase efficiency 
in each respective depth zone, or perhaps flexibility during seasonal 
and stochastic environmental changes. Site-specific effects in other 
taxa are commonly attributed to variable environmental conditions 
expected across broad spatial scales (Akman et  al.,  2016; Polato 
et al.,  2010; Whitehead & Crawford, 2006b). In coral ecosystems, 
temperature, light irradiance, and oceanographic gradients are ob-
served to be some of the dominant drivers of species distribution on 

subregional scales (Kahng et al., 2010; Lesser et al., 2009; Slattery 
& Lesser, 2012). These and other environmental conditions are ex-
pected to vary across thousands of kilometers in the GOM given 
the variability of the region and reef habitats (Locker et al., 2010; 
Oey, Ezer, & Lee,  2005; Reed et al., 2019; Schmahl, Hickerson, & 
Precht,  2008), likely playing a role in the site-specific patterns of 
gene expression observed in this study.

4.2 | Transplant experiment

The transplant experiment at WFGB and EFGB identified tran-
scriptomic plasticity following relocation of entire M.  cavernosa 
colonies from mesophotic to shallower depths. This experiment 
demonstrated that time had a stronger influence on gene expres-
sion compared to depth treatment, which was probably reflective 
of both seasonal variation for the first six months of the experi-
ment (Edge, Morgan, & Snell, 2008; Warner, Chilcoat, McFarland, & 
Fitt, 2002), and the bleaching event at 12 months (see Bleaching sus-
ceptibility of transplants). Interestingly, pairwise comparisons of host 
DEGs between depth treatments found that only transplants versus 
mesophotic controls showed an appreciable increase in the number 
of DEGs, whereas transplants versus shallow controls, and meso-
photic versus shallow controls demonstrated marginal changes over 
twelve months (Figure S10). DAPCs could not differentiate between 
timepoints for the transplants, but depth assignments were some-
what successful in recognizing differences between transplants 
in their original mesophotic environment versus final destination 
at shallower depths. Likewise, significance testing of discriminant 
groups determined that transplants formed a unique group, despite 
being equally similar to either control group (Figure 5).

The disparity between host and symbiont transcriptomic pat-
terns provided evidence that corals and their symbiotic algae were 
responding differently to environmental stimuli. Symbionts exhib-
ited less transcriptomic variability compared to their coral hosts, 
evidenced by low numbers of DEGs across timepoints and depth 
treatments (Figure  S10), and high overlap between discriminant 
groups (Figure  5). Previous studies have also suggested that algal 
symbionts experience fewer transcriptional changes than the coral 
host following stress (Barshis, Ladner, Oliver, & Palumbi,  2014; 
Davies et al., 2018; Leggat et al., 2011). Corals in our transplant ex-
periment had statistically similar symbiont and chlorophyll metrics 
through the first six months and among depth treatments during 
the bleaching event (Figure S8), suggesting that symbionts from the 
experimental colonies were probably similar in terms of photophysi-
ology and metabolic responses, whereas there was clearer evidence 
for plasticity of the coral host following transplantation and in the 
face of bleaching stress.

Temperature and PAR variation monitored during the transplant 
experiment are likely to influence coral depth distribution in the 
region (Bongaerts et  al.,  2015; Lesser et  al.,  2009, 2010). Despite 
a 1.58–2.10°C lower mean temperature at the 45  m depth zone 
compared to the 20  m depth zone, this difference was primarily 
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driven by a more rapid increase in shallower temperatures from 
March–September 2016. Mesophotic temperatures increased more 
gradually until a rapid rise to similar temperatures as shallower 
depths in late summer (Figures S6 and S7). Over the duration of the 
experiment, both mean and maximum daily PAR were reduced by 
76.7–80.4% in mesophotic compared to shallower depths, with the 
greatest differential in the summer months. Temperature and light 
combined may explain the slight increase in host DEGs between me-
sophotic and shallow controls at 6 months, indicating a seasonality 
component to transcriptomic patterns.

4.2.1 | Bleaching susceptibility of transplants

Perhaps the most interesting, yet unexpected, outcome of the 
transplant experiment was the opportunity to examine responses 
of transplanted corals following a thermal stress event. Previous 
monitoring efforts at WFGB and EFGB have demonstrated that 
temperatures of 29.5°C or greater for >50 days can cause bleach-
ing events (Johnston et  al.,  2019). Mean daily temperatures at 
the shallower sites remained >30°C for at least 80  days through 
the 12  month timepoint (Figure  S7), resulting in widespread coral 
bleaching observed at the shallower depth zones of both WFGB 
and EFGB. Neither of the mesophotic depth zones were exposed 
to temperatures above 29°C, and none of the mesophotic controls 
were observed to be visibly bleached due to thermal stress, although 
some colonies exhibited reduced symbiont densities. On the other 
hand, all of the shallow controls and transplants were bleached at 
12  months (Figure  4). Transplants appeared fully bleached while 
shallow controls were only partially bleached, but statistical com-
parisons of symbiont and chlorophyll metrics indicated no significant 
differences (Figure  S8). Rates of symbiont loss were also indistin-
guishable between shallow controls and transplants (Figure  S9), 
and follow-up observation at 36 months indicated apparent recov-
ery of all colonies. These results suggest that shallower colonies of 
M. cavernosa at FGB are not better adapted to handle thermal stress 
events than their mesophotic counterparts. Previous studies have 
demonstrated the opposite using transplant and thermal acclimati-
zation experiments, where corals exposed to prior sublethal thermal 
stress (such as those in naturally-variable shallower environments) 
were more resistant to future stress events (Barfield, Aglyamova, 
Bay, & Matz, 2018; Barshis et al., 2013; Davies et al., 2018; Kenkel 
et al., 2013). Environmental data collected over the duration of the 
transplant experiment at both WFGB and EFGB support that shal-
lower corals experienced more thermal and light variability than 
those at mesophotic depths. Symbiont and chlorophyll metrics, as 
well as gene expression patterns, identified mechanisms that may 
allow mesophotic corals to respond to bleaching stress differently 
than shallower corals.

Analyses of GO functional pathways at 12  months suggested 
that while all experimental corals exposed to the bleaching event 
were responding to thermal stress, responses were different de-
pending on the original depth zone. GO categories for metabolic 

processes, protein localization and disassembly, translational elon-
gation, and RNA catabolic processes were enriched in transplants 
versus mesophotic controls (Figure 6), which are indicative of meta-
bolic modification, protein production, and photosystem damage in 
response to thermal stress (Davies et al., 2016; Murata, Takahashi, 
Nishiyama, & Allakhverdiev,  2007; Reyes-Bermudez et  al.,  2009; 
Seneca & Palumbi,  2015). Several of these categories, including 
protein localization to endoplasmic reticulum and translational ini-
tiation/elongation, were more highly expressed in shallow controls 
versus transplants, indicating variation in the strength of transcrip-
tomic responses between depth treatments. Expression of ribo-
somal pathways was higher for mesophotic controls than shallow 
controls, and higher still between transplants and mesophotic con-
trols (Figure S11). As ribosomal pathways are associated with protein 
synthesis and modification, this suggests that transplants may have 
been continuing to synthesize proteins during near-total bleaching 
of algal symbionts (DeSalvo et al., 2008), or possibly attempting to 
repair damage done to photosynthetic systems. There was little ev-
idence to support that shallow controls were exhibiting the same 
transcriptomic responses, despite also being bleached.

Common transcriptomic responses to thermal stress in corals 
can include a reduction of ribosomal expression and increased ex-
pression of heat shock proteins and antioxidants (Császár, Seneca, 
& van Oppen, 2009; DeSalvo, Sunagawa, Voolstra, & Medina, 2010; 
DeSalvo et al., 2008; Kenkel et al., 2011; Seneca et al., 2010). Our 
study instead observed a distinct lack of typical bleaching response 
pathways, perhaps because sampling occurred after the likely onset 
of stress responses and production of proteins associated with ther-
mal stress. Following initial damage control, a secondary response 
to establish homeostasis (DeSalvo et al., 2008; Kenkel et al., 2013; 
Kültz, 2003, 2005) may include an increase in ribosomal expression, 
as observed in this study's transplanted corals. Once activated, the 
homeostatic response can be permanent until environmental condi-
tions change. Observations of the experimental corals at 36 months 
indicated that visible recovery had occurred, but it is unclear how 
long the recovery process had taken, and colonies were not sampled 
to quantify post-stress symbiont and chlorophyll metrics.

4.2.2 | CONCLUSIONS

The paired studies presented here reveal that mesophotic M. cav-
ernosa colonies were generally similar to those found at shallower 
depths across reefs in the GOM and Belize. Through quantification 
of differential gene expression in natural populations, evidence for 
a potential shift in metabolic strategies was observed. Mesophotic 
corals demonstrated lower expression of metabolic and translational 
gene pathways, but higher expression of cell growth and division 
pathways relative to shallow corals, which may coincide with regula-
tion of algal symbionts. Additionally, a common set of DEGs were 
identified between depth zones across all sites, suggesting a core 
set of genes related to depth. There was little evidence, however, 
to support that transcriptomic differences across depth zones are 



2412  |     STUDIVAN and VOSS

contributing to genetic isolation among some M. cavernosa popula-
tions in the region (Studivan & Voss, 2018), nor that transcriptomic 
variation may limit coral connectivity in this case. In the transplant 
experiment, gene expression profiling through time revealed that 
colonies of M. cavernosa transplanted from mesophotic to shallower 
depth zones exhibited transcriptomic plasticity within six months. 
While entirely unexpected, a bleaching event near the end of the 
transplant experiment allowed the unique opportunity to examine 
how gene expression plasticity in transplanted mesophotic corals 
affected their responses to thermal stress compared to natural shal-
lower populations. Despite appearing more visually bleached, trans-
plants from the mesophotic depth zone were equally susceptible to 
bleaching as shallow controls. Given the results of both studies, it 
would appear that corals adapted to mesophotic conditions are able 
to acclimatize to shallower conditions even in the face of thermal 
stress, but this theory would require comparative genomic analy-
ses (i.e., SNP genotyping) to elucidate patterns of adaptation versus 
acclimatization.

Additional studies combining multiple omics approaches are 
needed to understand the genetic variation present in natural popu-
lations (Alvarez et al., 2015) and to define the capability of individuals 
to acclimatize to new environments following experimental manipu-
lation. While there are logistical challenges associated with conduct-
ing manipulative experiments on geographically-isolated mesophotic 
coral ecosystems (Bongaerts et al., 2015; Kahng et al., 2014), future 
research priorities should include full reciprocal transplantation to 
assess potential bidirectional plasticity in mesophotic and shallower 
environments. In particular, utilizing fragmented samples of the 
same parent colonies across treatment groups would allow the com-
parison of genotypic influence on transcriptomic and physiological 
patterns. With integrated omics and physiological data from natural 
and manipulated coral populations, studies can better understand 
the relative roles of genotype and plasticity on acclimatization/ad-
aptation and survivability of individual corals across broad environ-
mental ranges.
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